Enhancing volume visualization with additional cues from our sense of touch has shown the potential to increase both speed and accuracy in the data exploration. Research in the area display a wide array of modes of interaction and many of these have been evaluated to demonstrate their capabilities. There are, however, few studies performed that compare different approaches for their strengths and weaknesses and there is a lack of guidelines on how the haptic feedback should be designed to allow for best performance.
INTRODUCTION
Volume visualization is a well established technique for exploration of volumetric data sets in science and medicine. With the increasing size, detail and complexity of data presented in volume visualization environments it is of increasing interest to augment the visual impression with information obtained via other sensory channels. In particular, our sense of touch and kinaesthetics is capable of supplying large amounts of intuitive information about the location, structure, stiffness and other material properties of objects. Thus, the integration of haptics with volume visualization has potential to significantly increase the speed [28, 22] and accuracy [6, 21] of volumetric data exploration.
There is, since there are no explicit surfaces in volumetric data, a need or rather an opportunity to design the way the data is represented through the haptic feedback. The software architect is free to design the feedback to pull or push the haptic instrument in any more or less meaningful way to achieve their goal. According to a recent study [14] the haptic feedback aids in the volume exploration by conveying information about the data and also by providing guidance in the exploration process, both as explicit physical support and through mental guidance. The research on haptic volume visualization offers a wide array of modes of interaction to achieve this. There is no lack of tools for haptic interaction and many of these have been evaluated to show their capability of rendering data fast, accurately and with few haptic artifacts. There are, e-mail: karlu@itn.liu.se † e-mail: camfo@itn.liu.se however, few studies performed that compare different approaches to show which works best in what situation, for what data and for what task. There is therefore a lack of guidelines on how the haptic feedback should be designed for best effect.
This paper presents a study on the influence of the basic principle chosen for representation of volumetric vector data on the ability to correctly identify faint structures in the data. The study is designed to provide both formative indications of the impact of feedback design and statistical analysis of comparisons. This allows us to provide some basic guidelines for the design of volume haptics in volume visualization.
BACKGROUND AND RELATED WORK
Haptic feedback from volumetric data has proven itself useful to provide realistic feedback for many fields of research, such as bone drilling applications and 6 degrees-of-freedom force feedback for virtual prototyping. In the application of volume haptics considered here, scientific volume visualization, the feedback is not necessarily used to provide realism. A formative study presented in [14] identifies two primary uses of haptic feedback in volume visualization: information, both reinforcing visual impressions and providing complementary cues, and guidance, for finding and following features as well as mental guidance. To achieve this goal there exists a range of haptic representations of data, very few of which aims at realism. Studies that discuss tasks and rendering for surface interaction, such as [8] , are therefore not applicable here.
Force Functions
A straightforward approach to provide guidance in volumetric data is to render a pushing or pulling force towards an area of interest or in the direction of the gradient vector, e.g. as presented in [29, 20, 3, 10] . For example, Bartz et al. describe in [3] a method for generating a guiding force for exploration of MRI data. In [29] Wall et al. present a study on the use of guiding forces in picking tasks, showing positive results on accuracy but negative impact on the speed. Several researchers have also described the use of the force metaphor to convey information about scalar data to a user. This approach was first introduced by Iwata et al. in [6] where a force in the direction of the gradient vector is used to represent the orientation of scalar data in combination with viscosity to represent the magnitude of the local scalars. A similar technique has been presented also by other research groups, e.g. in [1, 19, 5] . Studies presented in these papers have shown generally good results. In another study, however, Maciejewski et al. experienced negative effects from the use of the force metaphor for exploration of molecular data [18] .
A straightforward approach to convey information about vector data is to use the vector as force feedback [6] , although more advanced approaches have been proposed. One suggestion is the use of anisotropic viscosity to indicate the orientation of the local vector [21, 4] . The are more alternative modes of feedback, e.g. as described in [10] .
Shape Representations
Another common way to provide feedback from scalar volume data is to extract an intermediate local or global surface (e.g. [9] ) from Third Joint Eurohaptics Conference and Symposium on Haptic Interfaces for Virtual Environment and Teleoperator Systems Salt Lake City, UT, USA, March [18] [19] [20] 2009 which classical surface haptics can be calculated. An alternative approach is to leave out the explicit polygonal mesh and render the haptic feedback directly from the implicit representation of surfaces, e.g. as presented in [23, 26] . A similar approach can be used to generate a shape representation from vector data [10] . With scalar data the shape renders as a surface enclosing higher scalar values while in vector data the shape renders as a stream-line.
It should be noted that by defining a surface or specific streamlines to calculate haptic feedback from, every piece of data not part of that subset is unrepresented in the haptic rendering. Furthermore, haptic occlusion of potentially important areas is introduced by the definition of distinct impenetrable shapes in the volume.
Yielding Shapes
The yielding shapes as a representation of volumetric data was first introduced in [17] . To avoid occlusion by impenetrable shapes these shapes are configured to yield if subjected to a force exceeding their appointed strengths. Thus, the strength is a property that can also be used to represent information in the data, for example how distinct a feature in the data is or how certain a shape estimation is. This approach has been used in volume visualization both to provide guidance (e.g. [27] ) and information (e.g. [16] ).
Although three types of shape metaphors have been described [15] only two of these are commonly used in haptic visualization: the surface and line metaphors. A local vector property at the probed position defines the orientation of the surface, or the direction of the line. Thus, for example, in a scalar field the gradient vector can be used to generate surfaces over regions of high or low scalar values, or the local vector in a vector field can be used to provide guidance along the vectors.
EVALUATION
This study is targeting volume visualization, more precisely the use of haptic feedback to convey information represented as vector data. It is aiming at determining the influence of the basic principle chosen for representation of volumetric vector data on the ability to correctly identify faint structures. The different basic principles, or metaphors, for data representation chosen for this study are the two shape metaphors described in section 2.3, line and surface, and the force metaphor described in section 2.1. In the evaluation these represent the data with the most simple and straightforward mapping from the vector data: the line metaphor is guiding the probe along the vector field, the surface metaphor is oriented by the vector field so that it generates the sense of surfaces perpendicular to the field, and the force metaphor is pushing the haptic probe in the direction of the vector field.
Pre-test Analysis
The line and surface metaphors are two types of shapes, allowing the use of some of the exploratory procedures (EP) identified by Lederman and Klatzky as natural procedures for determining properties of objects and materials [11] . The force metaphor, however, is not naturally mapped to any EP, which can have a negative effect on the ability to identify the structures. Furthermore, the discrimination threshold between force directions is known to be poor [25, 2] , which suggests better results for the shape representations.
Another observation is that both the line and force metaphors provide their representations in the direction of the vector field as opposed to the surface metaphor which provides its representation perpendicular to the orientation of the vectors. This is more intuitive, something that should render worse results for the surface metaphor than for the line and force metaphors.
Based on this analysis we hypothesize as follows: 
Hypothesis
• The line metaphor will allow higher ability to identify faint structures than the force metaphor.
• The surface metaphor will allow higher ability to identify faint structures than the force metaphor.
• The line metaphor will allow allow higher ability to identify faint structures than the surface metaphor.
Equipment and Software
The study was performed on a haptic workstation, IW-19 from SenseGraphics, see figure 1 . It is equipped with co-located haptics and graphics by reflecting the graphics in a mirror over the haptic workspace. The graphics is displayed by a CRT monitor with 100 Hz update rate and the user is wearing shutter glasses for stereo vision. The haptic feedback is displayed by a Desktop PHANToM from Sensable, which is a high fidelity kinaesthetic device based on impedance control. The evaluation software is implemented using H3D API, an open source, cross platform scene-graph system with multi-modal capabilities. The scene-graph with text, graphics and haptics rendering is designed in X3D and the event handling and data collection implemented in Python. The haptic rendering and volume visualization are provided by the Volume Haptics Toolkit (VHTK) which is an open source add-on to H3D API for haptic rendering of volumetric data [14] .
The user interface of the software is fully 3D and of an immersive nature: during evaluation the participants explore the data, give their answers and proceed inside the 3D environment. Thus, context switches are avoided and focus retained.
Method
The study used a within-subject design with one independent variable (haptic metaphor) having three levels: force, line and surface. The evaluation is divided into three phases during each of which only one selected metaphor is used for the haptic exploration. The sequence of the metaphors for the three phases was carefully specified for each participant so that to have all possible permutations displayed to two participants. This should help avoiding bias caused by the order of presentation.
The participants were asked to reach into the data set with the haptic instrument, explore the data and identify, through touch alone, which of three different vector valued data sets was being presented to them. The data sets are designed to be simple but require exploration of more than one region. These are: convex flow, concave flow and a mix of convex and concave flow, see figure 2. In the virtual environment, the data set presented to the participants are all cubic with a side of 1 dm. The dependent variable is the amount of curvature of the vectors in the data sets, which is specified through a staircase approach. The unit for curvature used in this paper is 1/R (m − 1 ) where R is the radius of a circle with the specified curvature.
Staircase approach
In the psychophysical staircase procedure the stimulus intensity level (here level of curvature) is determined by the preceding stimuli and responses [13] . The aim is to establish the intensity level that corresponds to a prescribed probability of response. This is in turn based on the rule used to move the staircase up or down. The staircase used here follows this rule: after one incorrect response the degree of curvature is increased by one step (an up sequence) and the following task made easier, after two correct responses the stimulus level is reduced by one step (a down sequence) and the following task made more difficult. The step-size used is 0.7 m − 1 and the start value is 7 m − 1 . A staircase tends to converge on that level of intensity at which the probability of an up sequence equals the probability of a down sequence. The present study used a staircase that converges on a stimulus level at which participants can make accurate responses with a certainty of 70.7%. This decision rule is used together with a three alternatives forced-choice response paradigm, the tree data sets described above, as recommended by [24] . For further details on the staircase procedure see for example [13, 12] .
Settings
The force magnitude of the force metaphor and the strengths of the line and surface metaphors are held constant at 1 N. This means that while the force metaphor pushes the haptic probe with 1 N at any position inside the data set, the line and surface metaphors provides at most 1 N force feedback since they only react to the force applied by the participants and yield to forces exceeding 1 N. The light in the room was dimmed to make sure that the participants do not use the visual appearance and motion of their hand seen through the semi-transparent mirror to determine the curvature of the data set. For the same reason the virtual stylus becomes invisible when the data set is explored to make it impossible to see the motion of the haptic probe through the data. Also, the orientation of the data sets with respect to the user are randomized to avoid bias in favour of one of the metaphors tested. Finding the orientation of the data set without visual cues can be hard for the participants, however, and is not supposed to be a part of the evaluation. A brown rod is therefore indicating the orientation of the data, see figure 3.
Procedure
Each phase opens with a practise run where the participants are allowed to familiarize with the metaphor used in the current phase. Each practise run is identical to its subsequent evaluation run, except that the data set being presented for exploration is also shown with a visual representation based on stream-tubes and surfaces, see figure 3 (a). During the evaluation run the data set is represented by a box, see figure 3 (b). When practising the participants are able to learn how the current metaphor renders the different data sets. Each data set is shown twice in different orientation, six stimuli in total, and the participants may also practise how the correct answer is selected from the choice array by clicking on one of the three alternatives at the top of the workspace. During the evaluation the order of the appearance of the data sets must be even but unpredictable. To achieve this the evaluation run of each phase is divided into three blocks, see figure 4. Each such block contains four occurrences of each data set, in a fully randomized order. The phase then contains a total of N blocks N perblock N datasets = 3 4 3 = 36 trials for each metaphor and participant. With these settings there can be at most four repetitions of one data set inside a block, or up to eight over two adjacent blocks.
There was no explicit time limit set on the exploration of the data and no indication of the time, however the participants were encourage not to use more time than necessary. Each trial ended up being explored for typically less than half a minute. After each trial a pause screen is presented allowing the participants to pause. After each phase another pause screen is presented and the participants are encouraged to take a short break. The full evaluation session ended up taking about one hour for most of the participants.
The participants were given oral and written instructions with a brief description of the evaluation procedure and the haptic metaphors beforehand. They were also helped during the practise run to resolve any confusion about how to carry out the tasks. After the evaluation session a questionnaire was filled in during a debriefing discussion. This questionnaire is used to catch unfair tricks that can produce a bias for one haptic metaphor and to get personal preferences and opinions. It does not contain specific questions, but the participants were asked to describe, phase by phase, the experience and if any special method was used to determine the correct answer. 
Participants
Twelve participants took part in the evaluation, 3 women and 9 men aged between 24 to 32 years. They were all undergraduate or graduate students with a technical background. The participants had no or little experience of volume visualization and haptic interaction and they had no prior knowledge of the purpose of the evaluation. The participants received a small compensation for taking part in the evaluation. All 12 participants completed the evaluation.
RESULTS
This section describes the quantitative and qualitative results from the study. First the results from the debriefing and questionnaire are described. The numerical results from the dependent variable, the curvature discrimination level for the different metaphors, are then presented. Last in this section some observations are described. A discussion on the results is presented in section 5.
Opinions from Questionnaire
The general comments on the experiment were positive. It is possible to, using touch alone, feel and identify shapes in the data sets. A few participants commented on the test application and suggested changes for future use, but nothing that was deemed have an impact on the current results. More important are the comments that were given about each phase, here sorted by the metaphors used. Observe, however, that these opinions are coloured by the fact that the staircase approach dynamically adapts the difficulty so that the better the results, the harder it gets.
Force metaphor Some of the participants expressed that using the force metaphor was easy. It might take a short while to understand the feedback, but the rendering is easy to interpret and is comfortable to use. One participant even expressed that the sense of which data set was presented came fast and intuitively, requiring no active thought. Some participants, however, expressed that the force metaphor was hard to understand and feel. It was hard to feel directions or structures in the data. One participant described that the active push was a source of discomfort, requiring extra force to make the haptic probe stay inside the data set.
Line metaphor The participants generally thought that using the line metaphor to explore the data was easier than using the force. Most expressed that it was easy to use and to understand and gave a realistic, comfortable guidance through the data set, almost like following pipes. A few of the participants, however, expressed that it was hard or even the hardest metaphor to use and to get a grip of. One participant expressed a concern that it was easy to mentally lock a false opinion on which data set is being explored. An interesting observation is that some of the participants that expressed negative experience on the line metaphor still had their best results with this mode.
Surface metaphor Most of the participants expressed negative opinions about the surface metaphor. They thought it was unnatural, hard to use, hard to understand shape from and generally "dodgy" 1 . An important detail is that many of the participants that expressed that the surface was hard to use still got their best results using this metaphor.
Statistical Analysis
For each participant a mean threshold value is calculated from the level of curvature of the two last turning points on each staircase, one for each haptic metaphor. A turning point is a change in direction of stimulus change, from a down sequence to an up sequence, or vice versa. These estimated thresholds are used as the dependent measures in the statistical analysis using a decision criterion of p < 0.05.
The within-subject analysis of variance (ANOVA) shows a significant difference between the three metaphors (F(2, 22) = 4.794, p = 0.02). The mean values and standard deviations are listed in table 1. According to a post-hoc analysis using Bonferroni-corrected pairwise comparisons between the three metaphors, line differs significantly from force (p = 0.004). No other statistically significant difference was found.
The lack of significant difference between the line and surface metaphors might seem anomalous since the mean difference between line and surface, 4.0 (σ error = 1.7), is almost as large as the mean difference between line and force which is 4.1 (σ error = 1.0). However, this result is most likely caused by the fact that there is a substantial variability between these two conditions as evident from the standard errors. From further examination of the data four participants showed almost monotonically increasing level of curvature for the surface metaphor, and the curvature never reaches a stable level. The given answers are in those cases correct at a rate close to or even worse than random, which indicates that there is something wrong in that phase, and the few turning points in the level of curvature are most probably caused simply by chance. It is therefore obvious from observation that these are anomalous data. For futher analysis the data are divided into two groups, one with valid curvature values and one for which the curvature never reached a stable level. Subsequently an ANOVA was again performed now on the data from the first group, with eight participants, and the data from the second group are instead included in a qualitative analysis, see section 5.2.
The mean and standard deviations from the second ANOVA are also presented in table 1. The result again reveals a significant difference between the three metaphors (F(2, 14) = 14.22, p = 0.001). Follow-up analysis, again using Bonferroni-corrected pairwise comparisons, reveals a significant difference between force and line (p = 0.01), as before, but also between force and surface (p = 0.02). According to the results, as was hypothesized, the line and the surface metaphors allows higher ability to identify faint structures than the force metaphor does. However, conversely to the third hypothesis no significant difference was found between the line metaphor and the surface metaphor thus this hypothesis is rejected.
DISCUSSION
Here follows a discussion on the results, analysis and conclusions. At the end of the section a set of guidelines are proposed based on the results from this study.
Post-test Analysis
First of all the curvature discrimination is significantly better with the line metaphor than with the force metaphor. This confirms the first hypothesis. We believe that the reason for the better results with the line metaphor is that it render the data as shapes with structures that can be explored with the same exploratory procedures that are used in natural interaction in every day life. The kinaesthetic sense of touch is more optimized for contour following than for feeling the direction of or change of direction of forces, which essentially is the principles of force function-based volume exploration. It should be noted that the mean curvature discrimination for the force metaphor, 8.37 m 1 , translates to a force direction difference inside the data sets of 25.58 which is within the range of force direction discrimination determined in earlier studies [25, 2] . The curvature discrimination of shape representations is far worse than that described in earlier studies (e.g. [7, 30] ), however haptic volume exploration of the currently studied type is point-based and apply feedback of only three degrees-of-freedom, which precludes tactile curvature stimuli.
It can be regarded as inappropriate to perform statistical analysis on data with manually excluded items, however the exclusion is well motivated and the remaining data are fully valid. The bias introduced by this exclusion is taken into account in the conclusions and subsequent guidelines. Further analysis on the excluded data is provided in the following subsection. The remaining data show a statistically significant difference between the curvature discrimination with the surface and force metaphors. The better result with the former confirms the second hypothesis and provides further indication that it is the natural interaction with shapes that allows for the good results.
In the third hypothesis the line metaphor was deemed to provide more intuitive feedback than the surface metaphor, something that should render better results for the former. The data do not indicate any such effect. As a matter of fact, the valid data from the surface and line metaphors seem equivalent, which disproves that hypothesis.
Diverging Results
It was necessary to separate data because of inconsistencies in the use of the surface metaphor, but no results with the line or force metaphors were diverging. One hypothesis differentiating these metaphors was that the surface is less intuitive for this data in this task. The many negative interview comments about the unnatural behaviour of this feedback in combination with the fact that there is nothing unnatural with surfaces per se indicates that this is in fact true -the surface metaphor provides an counterintuitive representation of this data. It should be noted, however, that in other situations the surface might be more intuitive than the line metaphor, something that depends on the dimensionality of the feature.
The evaluation method used is designed to determine combined accuracy of shapes, at low levels of stimuli, rather than for individual shapes. Nevertheless, as the level of curvature for the four participants in the anomalous group diverges it no longer is the limiting factor, which makes it possible to perform qualitative analysis of the accuracy for individual shapes in the excluded data. We identified three types of results in the study. The participant can perform correct exploration of the data, and interpret the feedback correctly. This is indicated by a stable level in the staircase approach. If the level in the staircase diverges, however, we have either of two possible cases. The participant can still perform correct exploration of the data but interpret the data incorrectly. This produces a worse than random result on the convex and concave data sets, where the participant confuses these two with each other. The correct answer rate on the data set with mixed features, however, shows better than random results, see figure 5 (a), since this set would feel identical inverted. Two of the participants' data displayed this behaviour. The final type of result arise when the participant does not perform correct exploration of the data and therefore has no or incorrect stimuli to interpret. This is characterized by the correct answer rate being close to random, see figure 5 (b), regardless of the curvature level which is almost monotonically increasing during the test. The other two participants with anomalous data produced data with this behaviour.
Preliminary Guidelines
Since the analysis shows that a shape metaphor allows for significantly better structure discrimination than a force metaphor, the natural conclusion is that a shape representation should be chosen in favour of force representation of data. The diverging results presented here, however, indicate that it is also important not to keep the feedback intuitive to inexperienced users. While an counterintuitive representation does not seem to worsen the capability of identifying faint structures when the stimuli is correctly interpreted, there is an increased risk for misinterpretation. Working with an counterintuitive representation of the data is also uncomfortable for the user, as was indicated by the interview replies.
CONCLUSIONS
We have studied the impact of the feedback design on the ability to by touch alone identify the structure of volumetric data. The study shows that there is a significant impact and that using a shape metaphor can increase the performance compared to using a force metaphor to convey information in volumetric data. It also indicates three different ways to interpret data: correct interpretation from correct exploration, incorrect interpretation from correct exploration and incorrect exploration making it hard to make a correct interpretation. It is therefore important to not only design the feedback to most effectively convey the information, but to convey it in an intuitive manner so that not to confuse the user. Observe, however, that intuitive feedback does not necessarily mean realistic feedback.
